The open-water plankton form a complex food web that is crucial to the cycling of nutrients through the ecosystem. This food web consists of two interconnected loops: the classical grazer loop and the microbial loop. Here, we describe in detail the seasonal composition and biomass of the planktonic food web of six Irish shallow lakes. The lakes were sampled three times in 2000, and the biomass of zooplankton, phytoplankton, ciliates, flagellates and bacteria was measured. Total biomass ranged from 0.08mg C ml
INTRODUCTION
Although Ireland has a wealth of lakes, very little study has been focused on the open-water plankton communities and the factors that contribute to their structure. In particular, the planktonic microbial communities of Irish lakes (comprising bacteria, autotrophic picoplankton, heterotrophic flagellates and ciliates) have been generally ignored, even though recognition of the importance of the microbial component of the open-water plankton in the functioning of lake food webs has increased in recent years (Porter 1996; Carrick et al. 2000) . The relative importance of the microbial component in the productivity of the open-water plankton is still unclear, although it is has been shown in several studies that its significance decreases with increasing trophic state (Porter et al. 1988; Weisse and Stockner 1993; Jeppensen et al. 1998) , even though the actual abundance of microbes may increase. While the cascading effects of fish stock changes on zooplankton and phytoplankton can be dramatic, the effects may be diminished by the time they reach the microbial components (Jeppensen et al. 1998) . Nevertheless, the importance of microbial interactions should not be underestimated simply because they are harder to observe and enumerate, as classical food web theory may not be sufficient to explain ecological changes resulting from biomanipulation or lake restoration. This is particularly true for lakes where Daphnia is not the primary grazer, as it has been shown that, in the absence of Daphnia , the microbial community can be much more abundant and diverse (Ventelä 1999; Straškrabová et al. 2000) .
The microbial component of the open-water food web is perhaps more complex than the classical grazer (metazooplankton and phytoplankton) component, as there are many links between the groups making up the microbes. APP (autotrophic picoplankton) and bacteria can be considered the primary producers within the microbial component. In the case of bacteria, they may be autotrophic themselves, or they may utilise particulate and soluble nutrients released by algae, crustacean zooplankton and fish, as well as other microbes (Azam et al. 1983) . In lakes, 50 Á/100% of phytoplankton carbon production may pass through bacterioplankton (Simon 1987) . It is thought that most bacterial production is transferred primarily to protozoan microzooplankton and does not reach higher trophic levels directly (Simon 1987) . Flagellates provide the link between picoplankton (APP and heterotrophic bacteria) and ciliates, as they are the main bacterivores in freshwater (Jürgens and Stolpe 1995) . Ciliate assemblages in lakes are mixed assemblages of species that live on a wide range of food types, including bacteria and flagellates (Müller 1989) . It is assumed that group-cannibalism occurs among ciliates and flagellates, but estimates of its extent are unknown (Weisse 1990) . The main link between the microbial and classical components of the open-water food web is grazing by zooplankton. Daphnia are thought to be the most important grazers of microbial animals, and hence have the largest ability to suppress microbial biomass in the open-water plankton (Pace and Funke 1991) . This is largely owing to sizes on which they can feed, which range from bacteria to larger ciliates. However, copepods and rotifers can also significantly impact on microbial biomass primarily through grazing on ciliates. This, in turn, has cascading effects on flagellate and bacterial biomass (Jürgens and Jeppensen 2000) .
The main aim of this paper is to describe for the first time the total open-water planktonic community of several different Irish lakes. We describe the biomass of functional groups in the open-water plankton of six Irish shallow lakes (mean depth B/3 metres), sampled in spring, early summer and late summer. The five functional groups are defined as and separated into bacteria, flagellates (heterotrophic nanoflagellates or HNF), ciliates, phytoplankton (including autotrophic picoplankton or APP) and zooplankton (comprising rotifers, copepods and cladocerans). We also analysed whether standard physicochemical variables can account for the observed variation in the biomass of functional groups in the six lakes.
METHODS STUDY SITES AND FIELD SAMPLING
The six lakes chosen for this study cover a range of the physicochemical and ecological conditions found in Ireland (Table 1 ). The lakes were sampled in April, June and August 2000. Composite water samples were collected on each sampling occasion from the deepest point of each lake using a three-metre plastic tube. In lakes with a maximum depth of less than three metres, the water samples were taken at 30 Á/50cm depth. Portions of these water samples were preserved with Lugol's iodine for phytoplankton and ciliate counts and with Formalin (final concentration 1.5%) for counts of bacteria, heterotrophic nanoflagellates (HNF) and autotrophic picoplankton (APP). The rest of the water was used for chemical analysis. Zooplankton were sampled by vertical hauls of the water column using a conical zooplankton net (53mm mesh). A flow meter was used to correct results for filtering efficiency. Where the lake was too shallow for effective use of the net, ten litres of water were collected using a perspex tube (diameter 5.5cm, volume 2276cm 2 ). Four samples were taken from the deepest point of each lake, and preserved in /70% ethanol.
CHEMICAL ANALYSIS AND BIOMASS DETERMINATION
Total phosphorus (mg l (1 ), chlorophyll a (mg l (1 ), pH, alkalinity (mg CaCO 3 l
(1 ), conductivity (m siemens cm
(1 ), turbidity (NTU) and colour (PtCo) were measured in the laboratory using standard methods. To count and measure bacteria, HNF and APP, aliquots were filtered onto black 0.22mm Isopore filters, stained with DAPI and counted using epiflouresence, following the methodologies of Porter and Feig (1980) and Kemp et al. (1993) . Digital photographs of the fields of view at )/1000 magnification were taken, and individuals were counted and measured using the computer programme Scion Image, version 4.0.2. Phytoplankton, ciliates and rotifers were counted and measured using an inverted microscope ()/400 magnification) and an eyepiece graticule. Zooplankton samples were subsampled using a 5ml-wide bore pipette, and counted and measured using a dissecting microscope ( )/30).
Individual measurements were converted into biomass (pg carbon) using the conversion factors in Gaedke (1992) . The body sizes of bacteria, APP, HNF, phytoplankton and ciliates were calculated from standard geometric formulas. Colonial phytoplankton were treated as individuals only in cases where it was too difficult to differentiate between cells that shared a common surface area. In general, therefore, the individual cells of the colony were counted and measured. Measurements of rotifers were converted to dry weight using the methods of Latja and Salonen (1978) and Telesh et al. (1998) . Measurements of the larger crustaceans were converted to dry weights using length Á/ weight regressions calculated for various species from each lake during the course of the study (Table 2) , or using values from Bottrell et al . (1976) . Physicochemical and biological variables were averaged over the three sampling occasions and log e transformed where necessary, and bivariate relationships were examined using Pearson correlation coefficients.
RESULTS
Total open-water planktonic biomass ranged from 0.08mg C ml (1 in Lough Gara in April to 1.47mg C ml
(1 in Lough Mullagh in August. Generally, Lough Ramor and Lough Mullagh had the highest biomass, Lough Gara and Lough Maumwee the lowest, with biomass in Lough Carra and Lough Gur intermediate between the two. When the total open-water biomass was divided into the five functional groups*/bacteria, ciliates, flagellates (heterotrophic nanoflagellates), phytoplankton (including autotropic picoplankton) and zooplankton */a more detailed picture of the variation between lakes and months emerged (Fig. 1) . Bacterial biomass ranged from 0.009mg C ml
(1 to 0.189mg C ml (1 . In the majority of lakes, bacterial biomass tended to increase from April to June, and drop again in August. Bacteria often made up a large component of the total open-water biomass. On two occasions half of the total biomass in Lough Gara was bacterial. Ciliate biomass ranged from 0.0006mg C ml
(1 to 0.023mg C ml (1 . It was highest in August, except in Lough Mullagh. The biomass of flagellates ranged from 0.001mg C ml
(1 to 0.176mg C ml (1 . There were no obvious trends in the flagellate biomass over the sampling period, except that in most lakes it was lowest in April. The biomass of flagellates and ciliates was generally low in all lakes, comprising on average only about 9% of the total biomass. Phytoplankton biomass ranged from 0.006mg C ml
(1 to 1.281mg C ml (1 . For the three most productive lakes, Gur, Mullagh and Ramor, the highest phytoplankton biomass occurred in August. The high phytoplankton biomass in August in Lough Mullagh and Lough Ramor was made up largely of cyanophytes such as Anabaena and Oscillatoria . Cyanophytes also made a large contribution to the total biomass in Lough Gur in June, although by August, chlorophytes, in particular Kirchneriella sp., had replaced the cyanophytes and dominated the phytoplankton. Phytoplankton was consistently the group with the highest biomass in Lough Maumwee. In June and August, a large proportion of this biomass was a chlorophyte species, probably Pseudobulbochaete sp., whereas Dinobryon dominated in April. Zooplankton biomass ranged from 0.004mg C ml (1 to 0.502mg C ml (1 . In four out of the six lakes, zooplankton biomass was highest in April, which corresponded with large numbers of large cladocerans, particularly Daphnia hyalina (Fig. 2) . Rotifers also had highest biomass in April. By August, copepods made up the majority of zooplankton biomass in most lakes. Small cladocerans were abundant in April, and again in August in some lakes, but had very low biomass in June. In contrast, predatory cladocerans such as Leptodora kindtii and Polyphemus pediculus generally had highest biomass in June, although there was a very large biomass of Leptodora in Lough Mullagh in August (Fig. 2) .
Predictably, many of the physicochemical variables formed autocorrelating groups, specifically alkalinity, pH and conductivity, and chlorophyll a , turbidity and total phosphorus. In addition, all of the functional groups except zooplankton biomass were significantly correlated with at least one physicochemical variable (Table 3) . Bacterial biomass was positively correlated with turbidity and total phosphorus, ciliate biomass was positively correlated with turbidity and increasing phytoplankton, and flagellate biomass was reflected in increasing chlorophyll a values.
DISCUSSION
Our results highlight the two interconnected parts of the open-water food web*/one comprising bacteria as the main primary producers, being fed on by ciliates and flagellates, and the other comprising phytoplankton as the primary producers, being fed on by zooplankton. However, the microbial loop is not a separate web, and it is connected to the classical grazer loop by many direct and indirect pathways (Jürgens and Jeppensen 2000) . It has been shown that the main link between the microbial and classical grazer loop is grazing by rotifers, copepods and cladocera on the microbes. We did not find any direct evidence of this interaction, although lowest levels of microbial biomass (bacteria, flagellates and ciliates) were found in the presence of Daphnia , which occurred chiefly in April. While it is very likely that the five functional groups do follow predictable seasonal cycles, it is likely that the temporal resolution of our data is not sufficient to enable their detection, as weekly or fortnightly samples are probably required to accurately describe seasonal succession. Nevertheless, our data do indicate that there are large-scale changes over the year in the relative contribution each group makes to the total biomass. The data presented here highlight the relative importance of the microbial component of the open-water plankton. When all the sampling dates are combined, the microbial biomass constituted about one quarter of the total biomass, and in several cases, more than half. Irish shallow lakes have quite similar microbial abundances to those found elsewhere. The microbial biomass found in this study is in the same range as that found in Northern European mountain lakes (Straškrabová et al. 2000) , and the bacterial abundances in this study are also in the same range as those found in Lake Constance (0.01 Á/0.15mg C ml
(1 ) (Simon 1987) . The microbial element represents a whole section of the food web capable of transferring significant energy through several successive trophic levels. This is hinted at by the The fact that bacterial biomass was strongly correlated with total phosphorus indicates that phosphorus may be the main limiting factor controlling bacterial production. This is in agreement with the model put forward by Currie (1990) that concluded that bacteria compete with algae for phosphorus in the open water. This has implications for the quantification of phosphorus cycling within Irish shallow lakes, as it seems that the microbial elements may be equally as significant in terms of utilising nutrients as the traditional phytoplankton Á/zooplankton web.
